Background: Random errors in the measurement of risk factors lead to bias in the exposure-disease association. Objectives: This study aimed to examine the extent of underestimation in the association of total cholesterol (TC), high density lipoprotein cholesterol (HDL-C) and triglyceride (TG) with cardiovascular disease (CVDs) in the Tehran Lipid and Glucose Study. Patients and Methods: Of 6327 eligible people in the original cohort followed for about 10 years to detect CVD events, 3063 (1224 men and 1839 women) had replicate measurements for blood lipids. Two regression dilution ratios were calculated by nonparametric and parametric methods, using replicate data from reexaminations three and six years after baseline. Adjusted and unadjusted hazard ratios (HR) were corrected for regression dilution bias. Results: By parametric method, based on reexamination three years after baseline, the strength of real association of usual levels of TC, TG and HDL-C with cardiovascular disease, considering β coefficients of related models, were underestimated about 42%, 51% and 81% in men and 40%, 43% and 62% in women, respectively. Underestimations were relatively independent of age, sex and body mass index. Correction for regression dilution bias led to more than 60% increase in estimated HR for TC adjusted for confounders. Conclusions: Using baseline measurements of lipids led to considerable underestimation in the association of these factors with CVD outcome in TLGS. The underestimation increased with time interval between baseline and follow-up measurements for TC and TG. TC had more attenuation on estimated HR due to stronger relation with CVD risk.
Background
Blood levels of lipids, especially total cholesterol (TC) and high density lipoprotein cholesterol (HDL-C) are widely used to predict cardiovascular disease (CVD). Although, due to the inverse relationship between triglycerides (TG) and HDL-C, inclusion of HDL-C in multivariate predicting models removes TG from the model; some studies have shown that TG was independently related to CVD risk (1) . Studies have shown intra-individual variability of TC, HDL-C and TG, the latter had more variability than the two others (2, 3) . Some studies showed about 60% of the average total intra-individual variation for cholesterol and HDL-C and 90% of TG's intra-individual variability were attributable to biological fluctuations (2) .
Most epidemiological studies used a single measurement of blood lipids to determine their relationship with CVDs. However, single measures of these variables are subject to random measurement error (technical errors in measurements, short/long-term biologic variations or both). When the measurements are replicated, unusual or extreme values usually tend to be followed by less extreme values that are closer to the mean of distribution of variable in the population, the phenomenon which is known as regression to the mean (4) . Using baseline measurements in univariate analysis would distort the strength of associations between true values of risk factors and disease incidence (i.e. relative risk, risk ratio, odds ratio or hazard ratio) toward the unity, which is well-known as regression dilution bias (RDB) (5) . It can be assumed that this bias resulted from the regression to the mean (6) . In prospective epidemiologic studies, participants' characteristics are usually measured in given time intervals, for example in biennial intervals. These replicate measure-ments can be used to correct the effect of RDB by calculating regression dilution ratios (RDR), a measure that quantifies the amount of random measurement error in variable of interest. The effect of random measurement error of risk factors, such as TC and HDL-C, due to RDB on the occurrence of diseases have been evaluated in many cohort studies (7) (8) (9) (10) (11) , however; there are few studies examining these issues by age and sex (7, 8) .
Objectives
The aim of the present study was to determine underestimation of the importance of TC, TG and HDL-C in relation to CVD incidence in Tehran lipid and glucose study (TLGS) by different age, gender and body mass index (BMI) categories.
Patients and Methods

Study Population
TLGS is a prospective cohort study for evaluating the prevalence and importance of non-communicable disease risk factors, especially CVDs. At the beginning of study, 15005 people aged ≥ 3 years were enrolled between February 1999 and August 2001. Participants were invited to take part in reexaminations every three years (3, 6 and 9 years after baseline shown here as exam2, exam3 and exam4, respectively).
There were 7907 people aged 30 -74 years in the original cohort. Of whom 487 had a history of cardiovascular disease, 332 had missing data and 758 lost to follow-up for annually measuring of the outcome. From the remaining (6327), 3545 subjects participated in all reexaminations until March 2010. We excluded people who had missing data in at least one of the following exams (n = 384) or a CVD event before exam2 and 3 (n = 98). Finally, 3063 subjects (1224 men and 1839 women) remained to calculate the RDRs (Figure 1) .
The design of the study was approved by the Ethics Committee of the Research Institute for endocrine sciences, Shahid Beheshti university of medical science, and all participants provided a written informed consent.
Laboratory Measurements
In the baseline (exam1) and reexaminations, blood samples were collected for all participants in the morning between 7 -9 AM after 12 hours fasting. All analyses were performed at TLGS research laboratory on the day of blood collection. The details of measurements were published elsewhere (12).
Statistical Methods
Repeated measurements of the risk factors can be used to quantify the extent of RDB by calculation of RDR, a measure of within-person variability (5) . RDR is defined as the ratio of between-person variance (variance of true values) to the total variance (the variance of observed values) (13) . Also, it can be described as the ratio of observed slop of the association between risk factor and outcome to the true underlying slope. It has a range of 0 to 1; smaller values indicate greater withinperson variability. RDR can be estimated parametrically and non-parametrically using pairs of measurements made on the same individuals in separate and appropriate time intervals (5, 8, 14, 15 ). MacMahon's method is the widely accepted and used nonparametric method for estimating the RDR (5). This method has no assumption on the exact shape of association between baseline measurement of risk factor and the disease risk. In this method, participants are arbitrarily categorized into a few groups based on their baseline measurements. The ranges of group means for upper and lower groups, for baseline and reexamination measures, are calculated. RDR is calculated as the ratio of reexamination range to the baseline range. This method uses the fact that provided the first measurements, the means of the second measurements in each group would be unbiased estimate of the mean usual levels of variable (5), and its range would be substantially narrower than the range of the baseline values. The estimated RDRs are independent of the numbers of groups and range of values (8) . In the present study, individuals were divided into five groups based on their baseline measurements. Classification was performed based on ATP III classifications (16) for these variables, but we had to modify classes to have five groups.Therefore, we used the following categories: Different parametric methods based on regression and correlation can be used to calculate the RDR (14) . Among them, Rosner's regression method (15) has found wider use. It uses the same fact as MacMahon's method and gives unbiased estimates of RDR when the means of replicate measurements are not the same. In this method, second measurement of the variable regresses on the first one. The estimated regression coefficient is an unbiased estimation of the reliability of measurements (14) . In the absence of measurement error, the slope of the regression line would be 1, but in its presence the slope of the regression line would be decreased, the more the magnitude of measurement error, the more the reduction in the slope of regression line.
Until the time of the present analysis, three reexaminations were conducted. The third examination was completed on October 2011, but the data of annually measuring of the outcome were available until March 2010; therefore, we estimated two RDRs based on measurements of exam2, exam1 and exam3-exam shown here as RDR1 and RDR2, respectively.
Since RDRs by parametric method were actually regression coefficient, we compared RDRs of men and women and RDRs for age groups using a z test (17) as follows:
Where β1 and β2 were RDR1 and RDR2, respectively and SE was standard error of RDR. Due to multiple comparison between RDRs, we considered significance level at P Value = 0.01.
To obtain the true underlying slope, which relates disease risk to the usual level of the risk factor and corresponding standard error, the observed regression coefficient and its standard error was divided by the estimated RDR. Estimated Hazard ratios (HRs) from Cox proportional hazard analysis were corrected to show the effect of RDB. Corrections were made using RDR2 derived by parametric method. The corrected HRs were calculated as the exponentiation of observed regression coefficient divided by RDR. The percentage of underestimation in actual relationships between risk factors and outcomes were obtained by the reciprocal of RDRs minus one multiplied by 100. The percent change in HRs after correction was computed as the difference of corrected and uncorrected HRs divided by uncorrected HR, then multiplied by 100. All statistical analyses were performed by SPSS 20 (Chicago. IL, USA) and Excel 2007. Table 1 shows means of natural log transformed values for TC, TG and HDL-C in the groups of participants in exam1 (baseline), exam2 and exam3. This table shows the convergence of mean values, especially in upper groups from baseline to exam3. The convergence of group means between baseline and exam2 is greater than the convergence between exam2 and 3 in all lipid measurements. However, this table shows shows that the difference between upper and lower groups decreased from baseline to exam3 in all variables.
Results
Parametric and nonparametric RDRs of TC, TG and HDL-C for men and women are shown in Table 2 . Both methods yielded relatively similar results. RDRs of men were nearly similar to those of women, except for RDR2 for TC. RDR of TC in men were smaller than RDR of women (P = 0.005).
RDR2s were smaller than RDR1s; it showed that RDRs decreased with increasing time interval between baseline and remeasurements. The differences between RDR1 and RDR2 in TC and TG in the whole group and women were significant (P < 0.001). TC in women had the greatest decrease (about 16%). RDRs of TG showed on average 9% reduction from RDR1 to RDR2. RDRs of HDL-C in men had no change from exam2 to exam3.
RDR1 and RDR2 for TC by parametric method were 0.717 and 0.637, respectively, which means 39% and 57% underestimation [i.e. (1/RDR) -1] in the estimates of effects for TC. These underestimations were 42% and 48% for men and 40% and 66% for women, respectively. For TG, there were 46% and 62% underestimation after three and six years from follow-up (51% and 64% in men and 44% and 59% in women). HDL-C had the greatest underestimation (58% and 63% after three and six years from follow-up, respectively); especially in men it was 81%. For women the corresponding underestimations were 62% and 68% after three and six years from follow-up. These results indicated that HDL-C had the greatest within person variability.
There were no differences in RDRs of variables in participants who were < 50 years and ≥ 50 years at baseline (Table 3). Generally there were no differences in RDRs based on body mass index of participants at baseline, except between RDR2 for TC (Table 4) . Table 5 shows uncorrected and corrected hazard ratios (adjusted for age, systolic blood pressure, current smoking status, diabetes and family history of CVD) for TC, TG and HDL-C. Variables with larger regression coefficient or smaller RDR had greater changes in corrected HR. For example, HR of TC and TG in men for model (b) were 3.05 and 1.25. Correction with RDRs resulted in hazard ratio of 4.85 for TC (59.1% change) and 1.40 (11.5% change) for TG. Corrected HRs had wider confidence intervals than uncorrected ones. RDR2, regression dilution ratio based on measurements six years after baseline; TC, total cholesterol; TG, triglyceride ; HDL-C, high density lipoprotein. 
Discussion
In this study, we found moderate underestimation in the real association of TC, TG and HDL-C with CVD risk due to regression dilution bias in Tehran lipid and glucose study. This bias is the result of technical errors in measurement and short-and long-term biologic fluctuations in the levels of plasma lipids. Our study confirmed that the use of baseline measurements of these factors, without correction for regression dilution bias, distorts the true relationships of these variables with the risk of diseases toward the null value.
Underestimation in the effect of TC after three years from baseline in our study (about 40%) is comparable with RDRs found in other studies. In a study from Finland for the same time interval from baseline, underestimation in the effect of TC was 44% and 49% in men and women (18) . Other studies found 25% -64% attenuation in association with at least one year time interval between baselines and replicate measurements (11, (19) (20) (21) (22) . In a recent study, RDR of TC was calculated 0.644 in men and 0.660 in women for six years interval from baseline, which means 55% and 52% inflation in the exposure-disease relationship (23) . Attenuation for TG in our study was about 50% and 60% after three and six years from baseline. Eberly et al. found an underestimation about 48% for TG (24) . For a 15-year interval from baseline, attenuation for non-fasting TG in men and women were 75% and 67%, respectively (25) . In this analysis, HDL-C had an overall underestimation about 67% in the reverse association between HDL-C and the risk of CVDs. Underestimation in men was larger than women (81% vs. 62% three years after baseline). In Framingham study, underestimation in association for HDL-C were 48% and 66% in men and women, respectively (19) . In other studies, the real inverse relations for HDL-C were 37% and 43% stronger than uncorrected ones (21) . The difference between our findings with other studies can be the result of time interval between replicate measurements from baseline, variance of true values, variance of replicate measurements (error variance) and other characteristics of participants such as age. In general, our findings revealed that real associations between usual TC, TG and HDL-C with cardiovascular disease were about 40% to 80% stronger than those between baseline measures of these variables, which have been estimated in previous studies.
In our data, HDL-C had the greatest within-person variability. There was a decline in total mean and the group means of HDL-C (Table 1) in all groups in exam2, which was increased in exam3. The same results were found in a paper by Hadaegh et al. regarding trend of lipids in TLGS (26) . Population level changes in mean values of variables between two time points increase within person variability. Part of the larger within-person variability in the HDL-C might be attributed to technical error in the assessment of HDL-C. Correction for RDB increased the slope of inverse associations between HDL-C with cardiovascular disease about 80% and 60% for men and women, then its corresponding HR adjusted for age, smoking, diabetes mellitus and family history of CVD changed from 0.72 to 0.56 in men and from 0.54 to 0.37 in women. Although, corrected HR had wider confidence intervals, they showed strong preventive effect. Therefore, non-significant relationship of HDL-C with CVD in TLGS might be partly the result of relatively large amount of RDB.
Our results demonstrated convergence between group means from baseline to exam3. The convergence between measures of baseline with exam2 was greater than that between exams 2 and 3. This reveals that baseline measurements were more variable than latter measurements. It could be in part attributed to the effect of entering the study, which causes an increase in participants' awareness of their health status and lipid levels and therefore more attention to lower lipids level; a Hawthorne effect (27) . We found similar results when we restricted the analysis to those who did not use lipid lowering drugs.
There was a modest decrease in estimated RDRs for exam2 to exam3; the greater decrease was seen in TC for women and smaller ones for HDL-C. Similar decreases in RDR between reexaminations were found in other studies; for example, Clarke et al. showed that the RDR for TC varied from 0.7 after six years to 0.52 after 16 years, which corresponds to 26% decline (8) . It was greater than the observed decrease in our study, but the time interval between two measurements from baseline in that study was longer. It has been shown that within-person variability increases with time, the larger the time interval, the more the increase in within person variability (27) . Our results confirmed the increase in the underestimation of association with the elapsed time interval between baselines and repeated measurements.
For variables with a strong relation with the occurrence of diseases, correcting the effect of measurement error is more important and would have a large influence on the estimated risk for patients. In contrast, for risk factors with poor relations, even large random measurement errors would have low impact on the estimated risk for disease. In our data, 42% underestimation in the real association of TC leads to 62% increase in the HR of TC adjusted for age, smoking, diabetes mellitus and family history of CVD, whereas for TG, 51% underestimation in the real association increased the HR of TG adjusted for the same variables for about 14%.
There were differences in RDRs of TC and TG between men and women. However, in other studies there were no variations in RDRs between men and women, for example Clrake et al. (8) found a decrease in RDRs between age groups that increased with follow-up time and participants aged 70 -79 years had lower RDRs. In our analysis, the differences in RDRs between age groups and in each age group between RDR1 and RDR2 were not significant. However, the number of our participants in each age group was smaller than that study. Our results shows that, considering HR as the effect measure, underestimation in the real association of risk factors with disease occurrence can have greater impact on the estimated risk when there is stronger association between risk factor and disease. Although, HDL-C had more attenuation in the real association, TC showed more percent changes in the corrected HR, due to stronger association with cardiovascular disease risk. As we have previously shown, the effect of hypercholesterolemia on CHD is more than TG and HDL-C; this effect in the TLGS is as high as the Framingham study (28, 29) . Thus, considerable underestimation in the estimated HR of TC on CVDs, due to RDB, can reduce the fraction of cardiovascular risk attributed to hypercholesterolemia in population (30).
Strengths and Limitations
The obtained RDRs in this study might be influenced by several factors. The reliability study should be the representative of the cohort at baseline. We checked the distributions of variables in main and reliability study and evaluated the similarity of means and standard deviation of repeated measures. Furthermore, we used the log transformation of the variables that removes some effects of extreme values in skewed distributions. We used parametric and nonparametric methods to estimate RDRs. The nonparametric method has no assumption on the distribution of data and form of exposure-disease relationship. Since this method uses differences in mean ranges of groups based on baseline measurement, it does not have any assumption about the equality of variances (5) . Therefore, it might be suitable for studies with longer term follow-up (8) , in which the assumptions of parametric methods can be violated by changes in population parameters, due to increasing age or changes in life style. Rosner's regression method provides unbiased estimates when the means of replicate measurements are not equal (15) . Both parametric and nonparametric methods give similar results when the variables have similar variances in baseline and repeated measures. Amouzegar et al. found similar RDRs by these two methods for FT4 and TSH in Tehran thyroid study (31) . We found relatively similar RDRs from these two methods, especially RDRs of TC in men and TG in both men and women.
In this study, we evaluated the extent of random measurement error in exposure variables. However, it is possible to have random measurement error in outcome variables. Although the presence of random error in outcome variables would not introduce bias to the association of exposure and outcome, it would increase the standard error of estimates and widen confidence intervals, which lowers the power of study to detect the true association between exposure and outcome (32) . In our study the outcome variable was binary, and in the TLGS, all information about CVD events gathered by verifying hospital records and discharge sheets, death certificates, legal medicine and if needed verbal autopsy. Then an outcome committee in TLGS verified all evidences and determined the cause of events. Therefore, we assumed negligible error in the outcome variable.
In conclusion, there were mild to moderate underestimation in the strength of real association of TC, TG and HDL-C with the risk of cardiovascular disease in the TLGS. The underestimation of the association between these variables with cardiovascular diseases for men and women were similar and did not change significantly between age groups or by body mass index of participants. This attenuation had more effect on the estimated HR for TC that had stronger relations with risk of cardiovascular disease.
